A biomechanical analysis of different types of implant connections is relevant to clinical practice because it may impact the longevity of the rehabilitation treatment. Therefore, the objective of this study is to evaluate the Morse taper connections and the stress distribution of structures associated with the platform switching (PSW) concept. It will do this by obtaining data on the biomechanical behavior of the main structure in relation to the dental implant using the 3-dimensional finite element methodology. Four models were simulated (with each containing a single prosthesis over the implant) in the molar region, with the following specifications: M1 and M2 is an external hexagonal implant on a regular platform; M3 is an external hexagonal implant using PSW concept; and M4 is a Morse taper implant. The modeling process involved the use of images from InVesalius CT (computed tomography) processing software, which were refined using Rhinoceros 4.0 and SolidWorks 2011 CAD software. The models were then exported into the finite element program (FEMAP 11.0) to configure the meshes. The models were processed using NeiNastram software. The main results are that M1 (regular diameter 4 mm) had the highest stress concentration area and highest microstrain concentration for bone tissue, dental implants, and the retaining screw (P b 0.05). Using the PSW concept increases the area of the stress concentrations in the retaining screw (P b 0.05) more than in the regular platform implant. It was concluded that the increase in diameter is beneficial for stress distribution and that the PSW concept had higher stress concentrations in the retaining screw and the crown compared to the regular platform implant.
Introduction
Different types of implant connections can be used for oral rehabilitation [1] [2] [3] . The identification of the best connection profile is particularly relevant to implantology. Current research seeks to determine connections that can distribute stresses more efficiently in the bone tissue and structures linked to the implant-supported prosthesis. [4, 5] ; peri-implant bone preservation is also a point of extensive discussion [2, 3] .
Clinically controlled trials and systematic reviews have indicated that the use of implants with the PSW (PSW) concept can reduce periimplant bone loss [6] [7] [8] . This situation would ensure the maintenance of the gingival soft tissue and bone tissue, both of which are very important aesthetic factors [9, 10] .
The platform switching concept is obtained when using a prosthetic component (abutment) that is narrower than the diameter of the implant [11] . The literature on the topic indicates that this concept can provide better preservation of the bone tissue than the regular platform can [6, 12, 13] . Furthermore, studies have suggested that this type of implant may reduce the magnitude of stress in the cortical bone [14] [15] [16] .
Recent analyses of the cortical and trabecular bone tissue, which are the main focus of studies in this area, indicate that the PSW concept decreases the concentration of deformation in bone tissue around dental implants [16, 17] . However, a definitive consensus on this issue has not been reached, as some reports indicate that the lowest concentration of stresses on the cortical bone may not be observed [18, 19] . Furthermore, there is still not enough data in the literature to evaluate the screw and implant abutments using the PSW [16, 20] . This issue is very important because complications in implant-supported prostheses, which are common in rehabilitation treatments-for example, screw loosening-are an unpleasant factor associated with implant rehabilitation [21] .
Although studies indicate that using the PSW concept reduces the concentration of stress in the peri-implant implant region [14, 15] , this technique has some disadvantages because the prosthetic abutment reduction can result in a shift in stress in the screws and the prosthetic abutments [14] and can even lead to a fracture because of the reduction of the abutment wall. This situation would be detrimental biomechanically because it can deform the prosthetic screw beyond the material's tolerable limit of elasticity [14] . Furthermore, some biomechanical studies have indicated the possibility of greater stress concentration in the settlement region of the implant-supported prosthesis, in the abutment-implant interface, and in the platform region [22, 23] .
The diameter of the implant is another important factor to consider [24] . An increase in the diameter has been associated with a reduced magnitude of the stresses around the dental implants, mainly in the cortical bone [16, 19, 24] . However, there is no consensus as to the existence of an advantage from the use of the PSW concept in stress distribution for wide-diameter implants, especially in relation to the stress concentration in implant prostheses and the retaining screw [19, 25] .
Different types of implant connections can generate diverse biomechanical behavior. An external hexagonal implant has the advantage of reversibility [16, 26] and an ease of implementation with regard to the implant-supported prosthesis. Implants with external hexagonal geometry have been associated with concentrated stresses in the first threads (uppers threads) of the implant and in the implant-abutment interface [24] . On the other hand, dental implants with Morse taper connections have shown a higher stress concentration near the long axis of the implant [16, 26] and a better locking of the abutment with the inner surface of the implant [26] , thus reducing micromovements. Therefore, there is a need to study the effect of a narrow-diameter abutment of the implant-supported prosthesis (both the PSW concept and the Morse taper) in the retaining screw. Thus, the aim of this study is to evaluate the stress distribution associated with the use of the PSW, the external hexagon, and the Morse taper connections ( Fig. 1 ) by analyzing the effect that reducing the abutment platform has on the screw, the abutment, and the bone tissue. It is also an aim of this study to evaluate the variation in the implant's diameter (4 vs. 5 mm) and the loading type.
The study's first null hypothesis is that the PSW concept would lead to similar values and areas of stress concentration for the fixation screws and the implant-supported prostheses compared to the implants using the regular platform. The second null hypothesis is that regular-diameter implants (4 mm) would present a similar stress distribution as the large-diameter implants (5 mm). Finally, the third null hypothesis is that the Morse taper implants would show the same stress distribution as the external hexagonal implants on bone tissue and the crown.
Material and methods

Experimental design
This research was designed to consider four study factors: (1) the effect of the diameter of the implants on the external hexagonal implant (4 vs. 5 mm); (2) the effect of the different connection types: external hexagon (PSW concept or regular platform) and Morse taper; (3) the effect of the loading type: axial and oblique loading; and (4) the effect of stress distribution on the retaining screw using the PSW concept compared to an external hexagon with a regular-diameter abutment. The models are shown in Table 1 .
Description of the models
Four models were designed for this research. The models were simulated to present a bone block with a section of trabecular and cortical bone tissue in the second molar region and a single, fixed prosthesis over the implant (Connection Implant Systems, Arujá, São Paulo, Brazil). The models were designed according to the diameters of the implants (external hexagons of 4 or 5 mm in diameter and 10 mm in length) to support a screwed crown. Also, a comparative model was designed using a Morse taper implant with the dimensions of 5 × 10 mm (Connection Implant Systems, Arujá, São Paulo, Brazil). The mechanical properties of the bone tissue and the metal-ceramic crown dimensions were constant, varying only in the abutment configuration (PSW × conventional use), in accordance with Table 1 and Figs. 2 and 3.
Metal-ceramic crown
The external surface of the metal-ceramic crown was obtained through surface scanning of a dental mannequin's second molar, as previously described [24, 27] . The model was finalized and simplified using Rhinoceros 4.0 software to fit into the proposed abutments [27] .
Bone tissue geometry
The cancellous and cortical bone tissues were obtained from the decomposition of a computed tomography (CT) scan of the second molar region with the aid of InVesalius 3.0 software. The external surface of the bone tissue was simplified using 3D software (Rhinoceros 4.0) and simulated bone type III, a cortical bone with a thickness of 1 mm around the trabecular bone, which is commonly found in this region [28] .
Dental implants and prosthetic components
The simulated implants were external hexagons and Morse tapers (Connection Implant Systems, Arujá, São Paulo, Brazil). The implant designs were simplified with the assistance of Solidworks 2011 software, so that the dimensions of the implants' internal and external shapes and their components could be reproduced with sufficient reliability to develop a finite element method.
The abutments were simulated using universal castable long abutment (UCLA) components (Connection Implant Systems, Arujá, São Paulo, Brazil). The component for the PSW model was simulated using a UCLA 4 mm in diameter in an external hexagonal implant of 5 × 10 mm. This abutment was similar to the implant model of 4 × 10 mm. A UCLA 5.0 mm in diameter was inserted over an external hexagonal implant of 5 × 10 mm (regular use). An implant-supported prosthesis using a Morse-taper dental implant was modeled with an abutment component for the Morse taper dental implant (Connection Implant Systems, Arujá, São Paulo, Brazil). After modeling the implants and components, all the designs were exported to the Rhinoceros 3D 4.0 software to fit the metal-ceramic crown of the molars over the designs; finally, the entire set was inserted into the bone tissue using the same software.
Development of finite element models
After modeling, the models were exported to a finite element program (FEMAP 11) for discretization; linear shape functions were used. Meshes were generated in each simulated structure using parabolic tetrahedral solid elements (stress elements with 10 nodes) ( Fig. 3 ). The number of nodes for each model (M1: 506,290; M2: 407,172; M3: 443,390; M4: 575,211) and the number of elements for each model (M1: 290,918; M2: 268,800; M3: 293,720; M4: 377,627) were determined. Furthermore, the mechanical properties of the simulated materials were incorporated into each structure: cancellous bone (modulus of elasticity: 1.370 GPa; Poisson's ratio: 0.30) [29] ; cortical bone (modulus of elasticity: 13.700 GPa; Poisson's ratio: 0.30) [29] ; titanium (modulus of elasticity: 110 GPa; Poisson's ratio: 0.35) [30] ; feldspathic porcelain (modulus of elasticity: 82.80 GPa; Poisson's ratio: 0.35) [29] ; and zinc phosphate cement (modulus of elasticity: 22.4 GPa; Poisson's ratio: 0.35) [30] .
The boundary conditions of the models were created in the x, y, and z directions for the mesial and distal surfaces of the sectioned bone tissue (cortical and trabecular); the three space directions were considered fixing movements ( Fig. 2 ). All of the contacts were simulated as bonded except for the contact between the base of the implant-abutment connection and the implant that was juxtaposed in a symmetric contact.
The loads were applied in the axial direction in relation to the long axis of the implant (200 N divided into 4 applications of 50 N per cusp) and in the oblique direction (100 N divided into 2 applications of 50 N per lingual cusp), in accordance with previous research [16, 24, 31] . The analyses were linear, and all the materials were considered isotropic, homogeneous, and linearly elastic.
Criteria of analysis and statistical analysis
Qualitative (maps of stress concentration) and quantitative analyses were used in this research [4, 16, 31] . Stress concentration indicates a specific area in which stress is increased and concentrated compared to other specific regions being analyzed. For the analysis of the implant types, the screw and implant-supported prosthesis used a distribution of von Mises stresses (measured in MPa) [32] . Maximum principal stress (MPS; measured in MPa) and microstrain (measured in "strain": μm/m, usually designed as με, and usually shown as "microstrain") were used for the bone tissue [16] . The data from the maps (i.e., the points with maximum stress) were organized in an Excel table (Microsoft Office Excel, Redmond, WA, USA) and were submitted to SigmaPlot software version 12.0 (SigmaPlot, San Jose, CA, USA) to be analyzed for normal distribution (Shapiro-Wilk test and equal variance) [4, 16, 31] . Subsequently, the diameter of the implant was studied using two-way analysis of variance (factors: diameter and implant region), under oblique and axial loadings. The statistical analysis of the diameter was performed by collecting the maximum values of the von Mises stress for each implant thread (10 screw threads: left and right side) of the dental implant. The 50 most representative (highest) values of the von Mises stresses in the different screws were collected to analyze the stresses in each screw. The retaining screw was assessed using a Kruskal-Wallis one-way analysis of variance on ranks (factor: type of retaining screw of implant-supported prosthesis) under both axial and oblique loadings. For the analysis of the bone tissue, the 50 most representative values of MPS and microstrain in the different models were collected. The bone tissue in the peri-implant region was analyzed using a Kruskal-Wallis one-way analysis of variance on ranks (factor: type of connections of dental implants). The Tukey test and Dunn's method were adopted as posttests to indicate the differences between the groups, using a 5% significance level for analysis. A linear regression and a Pearson correlation analysis were performed to compare the effect of increasing the diameter of the implant (from 4 to 5 mm).
Results
Diameter
Analysis of the diameter factor revealed that an increase in diameter from 4 to 5 mm (from M1 to M2, M3, or M4) led to a distribution of stress that extended the dissipation area (dental implant) for the 5mm diameter models under both axial and oblique loadings. See Fig.  4A and B .
A specific analysis of the regular-diameter (4 mm) and wide-diameter (5 mm) models of the external hexagons (M1 and M2) showed that the increase in diameter significantly favored a reduced magnitude of stress in the implant-thread region (P b 0.001) under both axial and oblique loadings. See Fig. 4C and D. Under both axial and oblique loadings, the higher stress concentrations were located mainly up to the sixth thread of the implant in the regular implant and up to the fourth thread in the wide implant ( Fig.  4A-D) .
Retaining screw
In the analysis, under axial loading, the retaining screws showed greater areas of stress concentration for M1 (regular diameter), the stress extended across the screw compared to the other models (10 MPa), as shown Fig. 5A .
Under oblique loading, a higher magnitude of stress and an extended stress area were observed for all models (80 MPa) but mainly for M1 followed by M4.
A comparative analysis of M2 and M3 showed that M3 (the PSW concept) had a higher stress area in the screw, mainly near the neck area of the implant (Fig. 5A and B) . This quantitative analysis confirmed the data from the previous qualitative analysis; M1 had the greatest magnitude of stresses, followed by M4 (the Morse taper), M3 (the PSW concept), and M2 (the regular platform of abutment), as shown in Table 2 .
The specific analysis of the maximum stress concentrations for the retention screws under axial loading (M1-M4) showed a significant difference (P b 0.001) between M1 (mean: 20.03 MPa) and the other models: M2 (mean: 0.94 MPa); M3 (mean: 2.28 MPa); and M4 (mean: 8.96 MPa). Therefore, a significant difference existed in the comparison between all the models (P b 0.001). See Fig. 5C .
When comparing the models under oblique loading, the screw in M1 had a higher concentration of stress (mean: 565.1 MPa) than the other models (mean: M2: 11.03 MPa; M3: 13.03 MPa; M4: 76.05 MPa), with P b 0.001, according to Fig. 5D .
In a specific analysis of oblique loading, the comparison of the largediameter models showed a significant difference (P b 0.001). Tukey's posttest identified the Morse taper dental implant as having the highest mean stress magnitude (M4: 76.05) of the models. In addition, the large-diameter model with the standard platform of the abutment (M2: 11.03 MPa) showed a significant and favorable difference in mean stress magnitude of the retaining screw relative to that of the PSW model (M3: 13.03 MPa), as shown in Fig. 5E .
Crowns
A specific analysis of the crowns showed a significant increase in the concentration of von Mises stresses for the regular-diameter model (M1) relative to the others (Fig. 6A and B) . In a comparison of large-diameter models, M4 had the most favorable situation biomechanically. Furthermore, M2 (regular platform) had more favorable results than M3 (PSW) in terms of stress distribution, as shown in Fig. 6A and B. 
Bone tissue
The stress concentration around the implants was verified in a specific analysis of the cortical bone around the implants. Data on the maximum principal stress and the microstrain were collected. In a comparative analysis of the groups, the regular-diameter model (M1) was identified as showing the greatest magnitude of stresses; this difference was statistically significant in comparison to the other groups (M2, M3, and M4) under both axial loading (mean: 1.40 MPa; P b 0.05) and oblique loading (mean: 20.14 MPa, P b 0.05), according to Table 3 .
As well as the analysis of the MPS of the bone tissue, the model M1 showed a greater magnitude of microstrain than the other models (M2, M3, M4) under axial loading (mean: 1509.63 με, P b 0.05) and oblique loading (mean: 5020.32 με, P b 0.05), according to Table 4 . When comparing models with implants of large diameter, the most favorable result was identified as belonging to the Morse taper (M4), followed by the PSW concept (M3) and the regular platform (M2), as shown in Tables 3 and 4 .
Discussion
The PSW concept has been studied using the finite elements method [18] [19] [20] 23, 25, 33] . Studies analyzing peri-implant bone tissue have indicated some biomechanical advantage in using this type of connection [18, 20, 23, 33] ; in some cases, the peri-implant bone loss has already begun, and this type of connection can present a biomechanical advantage [18] . Other studies have indicated that the PSW concept has the same pattern of stress distribution as the large-diameter implant on a regular platform [19] . One of the possible disadvantages of using the implants with the PSW concept is an increase in stress in the abutments [23] , but this has not been demonstrated completely in the literature [25] . This study aims to analyze the stress distribution in implants using the PSW concept and to analyze the effect this stress has on the structures of bone and the implant-supported prosthesis.
The first null hypothesis of this study was rejected because the PSW concept caused larger areas of stress concentration for the retaining screw and the implant-supported prosthesis compared to those found in the implants with the regular platform (P b 0.05). These data confirm the indications of a previous study that showed the possibility of increased stress concentrations in structures associated with prostheses and implants that used the PSW concept [14] . On the other hand, a recently published study has indicated that the PSW concept is favorable for stress and microstrain reduction in cortical bone [16] . These data showed that, despite a favorable outcome with regard to the bone, rigorous control and maintenance of the implant-supported prostheses are required; this is because using the PSW concept shifts the stress to the area of the retaining screw and abutment, which can increase the possibility of fracture or failure in the prosthetic components [14, 33] . Clinically, a recently published systematic review with a meta-analysis indicated that implants that use the PSW concept better preserve bone tissue in the peri-implant region relative to implants with a regular platform (P b 0.05) [6] . In this study, increased complications within the area of the implant-supported prosthesis were not identified. However, it is important to emphasize that the clinical study that evaluated the PSW concept showed a reduced time to follow-up [6] . Therefore, rigorous clinical monitoring of patients is necessary, as there is the possibility of increased stresses arising in the structures associated with the implant-supported prosthesis.
The second null hypothesis was rejected because the regular-diameter implants (4 mm) showed a higher stress concentration than the large-diameter implants (5 mm) . A previous study qualitatively indicated that larger-diameter (5 mm) implants had a more favorable distribution of stress than the regular-diameter implants (4 mm) in cortical bone [24] . The current study quantitatively indicated that the increase in the implant's diameter was a very important factor in the biomechanics of the bone tissue, the dental implant, and the retaining screw because it reduced the magnitude of the MPS and the microstrain on the bone tissue and the magnitude of the von Mises stress on the dental implant and the prosthetic components.
The third null hypothesis (that the Morse taper implants would show the same biomechanical efficiency as the external hexagonal implants) was rejected because the Morse taper implants showed better stress distribution in the cortical bone. These results are consistent with recently published studies, which have indicated the best biomechanical profile for this type of connection [4, 16, 34] . However, unlike previous studies that evaluated only bone tissue [16] , this study indicated a significant increase in stresses among the abutments of the Morse taper implants. These results can be justified by the geometry of the Morse taper implants (an internal connection), which leads to the centralization of stresses along the axis of the implant itself and adequate stability [4, 34, 35] . Therefore, it causes an increase in stresses in the abutment-implant interface and a reduction of the magnitude of tensions in the cortical bone, as demonstrated in this study.
Thus, the best distribution of biomechanical stress in the bone tissue was accomplished through the use of the Morse taper implants. However, the biomechanical analysis does not preclude the use of external hexagonal implants with the PSW concept, as, in bone tissue, the distribution of the stresses and microstrains was more effective than it was for the regular platform. Nevertheless, the PSW concept (model 3) showed an increase in stresses in the crowns and the retaining screw; therefore, a constant clinical monitoring of these patients is needed to increase the longevity of the implant-supported prosthesis in this type of restoration to ensure an adequate control of occlusal masticatory forces.
The values of MPS measured in the bone tissue in this study (Tables 3  and 4 ) are below the average tolerance values registered for the bone tissue (72 to 76 MPa) tensile values [36] ; the microstrain should not exceed 3000 με (overload) [37, 38] . The most unfavorable situation involved the regular model diameter (4 mm) under oblique loading and microstrain (Table 4 ). This indicates that the larger-diameter implants have a better potential for stress distribution in the bone tissue than the regular-diameter implants do [24] ; the regular-diameter implants should be used with caution, particularly in regions with high masticatory stress. Regarding the magnitude of von Mises stress identified in the retaining screw made of titanium (Ti-6Al-4V), the tension values were within a range that is limiting for tensile strength (860-965 MPa) [39] , as indicated in Table 2 . However, the regular-diameter model again had the highest average peak tension among the models analyzed.
Finally, the limitations of the study must be discussed. The methodology included a computer simulation, in which all of the results were identified using linear analysis in the elastic range. In the same way, all the bone tissue was simulated in the form of solid structures, as in previous studies [32, 34] . All bone tissue is anisotropic [40] and nonhomogeneous, showing non-linear structures [41] . However, the literature has demonstrated that the results of FEA can be extrapolated (with caution) to the clinical daily use; all results obtained in the study should be supported by other clinical studies. Therefore, in addition to these results, it is important to conduct more relevant clinical studies on this subject and to analyze the advantages that the biomechanical results of this subject might have in clinical practice.
Conclusion
The external hexagonal implants with regular diameter (4 × 10 mm) provided the most unfavorable biomechanical situation among the models tested.
For bone tissues, the Morse taper implants presented the best biomechanical results among the models (P b 0.001). On the other hand, this model also showed a higher stress concentration in the prosthetic abutment than the other large-diameter implants did.
The implants that used the PSW concept had higher stress concentrations in the retaining screw and the crown relative to the other large dental implants. 
